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Abstract

This paper gives a summary discussion of
recent developments in the structural design,
analysis, and test verification requirements applied
to NASA spacecraft. Criteria for theselwtion of
safety factors are addressed, along with the latest
developments in Space Shuttle payload fracture
cent rol requirements and implemental ion methodol-
ogies. The importance of early determination of
the most cost-effective structural verification
approach for a spacecraft and the influences of that
approach on the design requirements and develop-
ment program, along with ted validation altern-
atives and rationale for selection, are also reviewd.

lntroductio~

Structures of spacecraft must be adequately
designed to carry loads, provide physical support,
and/or contain other hardware or substance.
Verification of structural design by analysis and test
is an integral and important part of the apace flight
hardware development process. The primary
objective of structural verification is to ensure that
the flight system can survive the loads to be en-
countered in its service life, wpecially  the quru$i-
static and vibro-acoustic  loads imposed by the
launch events.

During the conceptual design phase of a
spaeecmft  functional requirernemta, including those
for structural verification, are formulatcxl. Struc-
tural verification requirements are commonly
derived from two major aoumx; the launch vehicle
operator (launch authority) and the organimtion
responsible for the development of the spacecraft,
Stmctural  verification requirements set forth by the
launch authority are primarily aimed at ensuring
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that the spacecraft to be launched (i.e., the pay
load, asdefirwt  by the launch authority) will have
adequate structural integrity to withstand loads
induced by the launch environment and will not be
a threat to the safety of the launch vehicle and
launch operations. These requirements are uni-
formly applicxi to all payloads to be launched or
retrieved by a particular family of launch vehiclm
and are usually non-negotiable, On the other hand,
structural verification requirements established by
the developing organization are either institutional
or project-specific, and are intended to minimize
the probability of mission failure due to structural
de ficienciti. These requirements are heavily
influenced by institutional experience and tradition,
and the level of mission risk that a particular
project is willing to take. They are also consider-
ably more flexible, and may be modified as hard-
ware development progresses. It is not uncommon
that some institutional requirements for structural
verification are identical to those set forth by a
launch authority, and that requirements in one
group may envelop some in the other. To enable
the selection of effective approaches to accomplish
structural verification, an understanding of structur-
al verification requirements and their basis and
evolution is important.

Over the past three decadea  the structural
design and configuration of spacecraft have gone
through many changes. The large, highly flexible
structural systems of modern spacecraft, such as
the Hubble  Space Tekcope and Galileo, are
subjrxted to structural ven fication requirements
significant y different from those imposed on the
structural  design of the small and relatively rigid
earth-orbiting satellites, such as Pioneer and
Ranger, that were launched in the late 1950s and
early 1960s. ln the 1980s, the operation of the
Space Shuttle added several new considerations,
such arr fracture control, for structural verification
of payloads developed for manned space flights. It
was also in the 1980s that the increasingly wider
applications of advanced materials, notably the
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high-modulus graphite/epoxy composites, to prima-
ry load-carrying structures prompted the urgent
need for verification criteria specifically established
for nonmetallic and bondext structures, Finally,
two important trends have developed during the last
two decades: (1) several new fami]ia of expend-
able launch vehicles have been put into commercial
service by domestic and foreign operators, and (2)
more space missions are being developed by joint
effor-k  of different countries. These trends have
added new considerations to structural verification
of payloads developed for multiple launchers or for
missions with international partners.

In parallel to requirement changes, the ap-
proach and implementation methodology of struc-
tural verification have also continuously evolved
over the years. ln the 1950s and 1960s, it was
typical to build one or more engineering model
prototypes as the precursors of the flight unit, The
prototypa were qualification-tested, usually under
a wt of very conservative test loads and environ-
ments, in order to seek out the weak links in the
structural system. Bawl on the test results, reme-
dial design actions could be identified and imple-
mented, and testqualification  was repeated if
deemed necessary. For a structural development
program based on this prototype verification ap-
proach, the flight structure would not be qualifica-
tion tested and wm subjected only to less severe
flight acceptance testing to verify the adequacy of
workmanship. The prototype approach of structur-
al veriticat  ion worked quite well for the spacecratl
developed during that time period, for that they
were mostly emth-orbiting  satellita with relatively
simple structural designs. The fabrication of
prototypes and flight spares could be done quickly
and at reasonable costs. As space flight stmcturw
becwmc larger and more complex in the 1970s and
1980s, building prototypw  for the purpose of test-
qualifying structural dwigns  also became either
prohibitively expensive or not feasible for program-
matic masons such as schedule and facility con-
straints. The prototlight  approach of structural
development, in which only one structural system
is built and used for both tedqualification and
actual flight, has time increasingly popular in
recent yearn. Along with the widespread accep-
tance of the protoflight  approach of structural
development, the role of testing in verifying struc-
tural strength has gradually diminished. Marry
structures that would have been qualified by a
static-load test in the early days are now qualified
by analysis alone, by equivalent dynamic tests, or
cemponent-level  development tests along with
analysis,

NASA is currently undertaking several devel-
opment efforts aimed at improving cost-effective-
ne.%s of structural verification, Working groups
have been chartered to develop standards on factors
of safety, loads definition, environmental testing,
material characterization and ground support
equipment, The working groups on factors of
safety and loads definition have produced white
papers documenting fundamental understanding and
agreements of the participating NASA centem in
t}w respective technical areas. In the area of
fracture control, a fresh look is being taken by
NASA on the existing Space Shuttle payload
fracture control requirements and the implementa-
tion methods that are currently being used to rneeI
t}w-se requirements. The Air Force has also initiat-
ed a multi-yar effort to develop enhanced technol-
ogy for composite overwrapped pressure vessels
and to update the existing design and verification
criteria for metallic pressure vessels used in space
flight systems.

This paper provides a summary discussion of
rezent developments in structural verification of
spacecraft, as well as those relatd to pressure-
vessels and fracture control of Space Shuttle pay-
loads.

~o~siderations  in Structural Verification

Verification of the structural design for a
NASA mission often involves many conflicting
technical and programmatic considerations. The
ultimate goal of structural verification is to ensure
that the flight system is structurally safe and flight
worthy as evidenced by compliance with the re-
quirements imposed by the NASA center respon-
sible for that particular mission. Presently there
are varying structural design and verification
requirements and implementation approaches at the
different NASA centers, This lack of uniformity of
NASA structural verification requirements has
caused difficultiw  for organizations that develop
flight structures for different centers or for ntis-
sions managed by multiple centers. hr order to
establish a set of minimum structural design and
verification requirements that can be uniformly
awepted  by all centem, the NASA Working Group
on Structural Factors of Safety and Ted Verifica-
tion was formed to prepare guidelines for the
development of a NASA standard in this area. The
major findings of this Working Group are included
in the following discussions on several important
issues that are often considered when selecting a
cost-efficient structural verification approachl  ):
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Manned vs. Unmanned Missio~

Structural design requirements have km
traditionally more stringent for systems developed
for manned missions. For example, structures of
payload systems that are to be launched or retrieved
by the Space Shuttle are required to use higher
factors, However, when certain programmatic
factors are being taken into considemtion (such as
developing common structures for different n~is-
sions, and retaining the flexibility of switching
launch vehicles in the middle of the program), the
advantage of using slightly lower factors of safety
for unmanned hardware often becomes less impor-
tant although such hardware may still be subjected
to less stringent verification consistent with estab-
lished mission risks and safety requirements. The
Working Group recommended that the same mini-
mum factors of .safet y be applied to both manned
and unmanned flight system,

prototype vs. Protoflight  Approach

Qualification of the design of flight structures
is normally accomplished by building a separate
structural unit, i.e., a prototype that sometimes is
called the qualification unit or model, and subjezt
this prototype to static testin~ or some equivalent
testing. With the increasingly severe cost and
schedule constraints imposed on NASA flight
projects, more and more of them have rejected the
prototype qualification approach and adopted the
protoflight  qualification apploach instead. The
protoflight  qualification, wherein no prototype is
built and the flight unit is subjected to qualitkation-
level testing, along with proper component-level
developmental tests and thorough analytical verifi-
cat ion of strength, can usually provide adequate
confidence that the structure is flight worthy. In
order to preclude detrimental yielding of the flight
stnrcturtxi during the protoflight  testing, however,
the design yield factor of safety must be higher
than the qualification test factor, The Working
Group recommended that protoflight  qurdificat  ion
be accepted for structures of spacecraft, payloads,
and flight instruments.

~cat ions of Test Methodq

The Working Group categorized the com-
monly used structural test methods based on their
usage. That is, structuml  teds are used to verify:
(a) strength, (b) analysis models, and (c) workrnarr-
ship.

Strength verification tests are normally static
tests covering all significant load cases. The
magnitude of the static test loads M@ to the limit

loads of the structure multiplial  by the required test
factor. In some cases, other tests, such as centri-
fuge and sine burst, if more effective in producing
realistic qualification loads in the test structures,
can be acceptable alternative-s to static tests.

The requirement to verify analysis models
should normal] y be met by performing modal
survey tes~s on the flight or flight-like structures.
influence coefficient tests, in which load-vs.-dis-
placements data are obtained, can also be used to
verify structural analysis models. Test levels for
both modal survey and influence coefficient tests
are significantly lower than the limit loads, These
tats should be properly instrumented to provide
sufficient data for correlation with the analytical
model. The tests should also be repeated at various
levels to evaluate linearity and, for modal survey
tests, to characterize structural damping.

Workmanship tests should be performed on
the integrated flight systems and generally include
sine and/or random vibration tests, acoustic tests,
and pyro shock tests. Proof testing using statically
applied loads are commonly required to verify-
workrnanship of bonded joints such as those in
composite struts.

~-@~S. No-TeN Opt ion

NASA normally requires that the design of a
flight structure be verified by both analysis and
twting, Over the past two decades, however,
structural verification by analysis only has bexxme
incrtxwingly popular and is accepted by many
NASA centers on a case-by-se  basis. This
structural verification approach is commonly known
as the “no-test” or “analysis-only” option. The
origin and development history have been previous-
ly studied2).  Some of the factors that justify the
increased reliance on analysis to qualify structural
designs are: (1) advancements in computer-aided
methods have made analyses and simulations more
accurate, especially for structurm  that belwve
nonlinearly under operating loads and structures
that are geometrically very complex and have
complicated load paths; (2) many well-supported,
general-purpose structuml  analysis codm, (e.#.,
NASTRAN and ANSYS) have become reulily
available and widely accepted; (3) incma.aed cost of
structural testing and the possibility of inadvertcmt
damage has increased the prwsurw  to eliminate the
hardware safety risks associated with testing protof-
light structures; (4) ground testing of a flexible
apace structure in its in-orbit configumtion  and
under all critical conditions is difficult and in
certain cases, even impossible; and (5) analysis
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usually costs less and can be done faster than
testing.

The conditions under which structural verifi-
cation without testing is acceptable are currently
defined by individual NASA centers on a ca.se-by -
ca,se basis. After considerable discussion and
debate, the Working Group concluded that no
standard criteria should be specified for general
acceptance of the “no-test” option. However, the
Group agreed that this option of structural verifica-
tion may be used when supported by an acceptable
enginewing  rationale. Some examples of accept-
able rationale on which to base such an approach
are:

1. The structural design is simple (e.g.; statically
determinate) with easily-determined load paths, and
has been thoroughly modeled and analyzed for all
load conditions.

2. The structure is similar in design detail and
overall configurate ion to a previous structure which
was successful y test verified, with good correlation
of test results to analytical predictions.

3. Development and/or component tests have been
successful y completed on all critical elements of
the structure which are difficult to analym.  Good
model correlation to test results has been dem-
onstrated.

‘rhe Working Group felt very strongly that
increasing the design factors of safety does not by
it.sel f justify a “no-test W approach.

Deternlinistic  vs. Probabilistic Method

Many of the parameters affecting the struc-
tural integrity of flight hardware have uncertaintiw,
such as material property variability y, loads and
environments variations, and analytical methods
inaccuracies. Design factors of safety and test
factors are intended to conservatively compensate
for those uncertainties. Currently, all NASA
cmters  use deterministic structural veri ficat ion
criteria, and experience has shcwn these determin-
istic criteria to be adequate in most cases. An
alternative approach which has received much
attention is a probabilistic method, wherein knowl-
edge (or assumptions) of the statistical variability of
the various factors is used to select dwign  criteria
which achieve an overall confidence level.

Tbe Working Group determined that a
standard approach to establish design and test
criteria baaed on probabilistic methods is not
practical at this time, but should be considered for

future development. Recently, NASA has con~mis-
sioned and completed a agency-wide survey on
probabilistic structural analysis methodology and
knowledge base, as a prelude to formulate a unified
approach to incorporate probabilistic methods into
existing NASA structural design and verification
practices. The survey report3)  describes in detail
the current research, projects, software, methods,
at various NASA centers, including ‘the Probabil-
istic Failure Assessment (PFA) method4&5J  devel-
oped at JPL for the past six years. The PFA
method, employed to conduct risk sensitivity
analyses for selected failure modes, is particularly
useful in defining structural design and verification
requirements when uncertainties exist about impor-
tant governing parameters. JPL is currently plan-
ning to use the PFA method for structural design
and verification of future small, low-cost missions,
such as the Pluto Fast FI yby mission, for which
dcxign  conservatism and rcxlundancy  used in the
past must be reduced or eliminated to med more
stringent mass and performance requirements.

Force-Limitiniz  for Vibration Testing

Vibration testing, such as sine and random
tests, is an important part of stmctural  verification.
ln conventional vibration te@s, the input vibratory
motion is specified but the reaction force between
the test item and the shaker is ignored. For typical
space flight assemblies and equipment such as
electronic boxes and science instruments, the
mechanical impedance is comparable to that of the
lightweight, flexible mounting structures so that the
combined motions involve only modest interface
forca. During a vibration test, the test item is
hard-mountcxl  to the shaker which, compared to the
flight mounts, is much heavier and more rigid.
Large reaction forces at the interface between the
test item and the shaker develop as the test item
goes into resonance. These reaction force-s often
cause artificial test failures. Historically, this
problem haa been addressai  by developing “bullet-
proof  (i.e., overly conservative) designs or incor-
porating a flight or flight-like mounting structure in
the test.

Over the past four yeara, JPL has developed
a vibration ted method that more closely simulatai
a real-life flight environment. This test method
implements fom-limiting as an additional control
of the teat inputs so that the vibration experienced
by the test item is as it would be in flight, The
specifications of force limits are derived on the
basis of the interface impedance, which can be
derived either from experimental data obtained by
impacting hammer testing or by analysis. Several
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improvai  analysis methods for deriving force F’(X$ of 1.2 for fail-safe joints and 1.4 for joints
specifkations  are current] y under development6&7). that are not fail-safe.

Force-limiting has been successfully applied
to vibration testing of several JPL flight systems,
including the Wide-Field/Planetary Camera (WF -
/PC 1 I) for the Hubble Spaw  Telescope. The use
of this emerging technique is also under consider
by ot}ler NASA centers.

Design Factors of Safety and Test Factors

Ile core product of the Working Group was
a set of minimum design factors of safety (FOS)
for verifying NASA space flight structures, These
FOS requirements cover both the “prototype” and
“protoflight” verification approaches. A significant
point with regard to the recommendations is that
the same minimum requirements apply to all flight
systerms whether they are for “manned” or “un-
manned” missions. It was pointed out that distinc-
tions in that regard might, however, be made in the
degree of stringency applied in the verification
program, The factors for various classes of flight
structures are summarized below:

Metallic Structures

The minimum design and test factors for
metallic structures, excludin~ threaded fasteners
uswl in preloaded joints, we;e  derived primarily
based on the current Space Shuttle payload struc-
tural verification requirenlents8). These factors are
listed in Table I.

Non-metallic structures, excluding parts that
exhibit brittle failure modes such as glass compo-
nents, developed for NASA space flight missions
are to be designed and verification tested to factors
listtxl in Table 11, This class of structures include
components made of composite lay-ups, metal
matrix, metallic and non-metallic sandwich struc-
tur~, and adhesive joints.

Fmteners  Used in Preloaded  lo~

When used in space ftight systems, the prelo-
aded faMeners usually form critical links in major
load paths of the structure, the appropriate strength
and gaping of bolted joints desert special attention.
A method for the dwign  and analysis of the prelo-
aded joints in Shuttle payload systems has km
developed). The minimum design and test factors
for preloaded fasteners are listed in Table 111. In
addition to strength analysis and testing, all prelo-
aded joints shall be analyzed for gaping using a

Ql@:l.and Brittle Components

The minimum design and test factors for
prwsunzd  and non-pressurizxxl glass components
are. specified in Table IV. Structural integrity of
all pressurized glass components is to be verified
by both analysis and testing except that some
nonpressurimd  glass components meeting the “no-
test” criteria may be verified by analysis only with
a ultimate design factor of 5.0 minimum. Protofl-
ight tests of glass components should be configured
to simulate flight-like boundary conditions and
loading and, for pressurized glass wmponents,
should be conducted in an inert environment. It is
recommended that the unloading time for protofl-
ight glass components be w short M possible in
order to prevent undetectable flaw growth during
the unloading phase.

&qdi.ation of Minimum Factors

The design and test factors listed in Tables 1-
through IV are the minimum rquired  valu~ for
NASA space flight structures and should be applied
equally to both mechanically and thermally inducd
loads (stresses) to determine margins of safety
(M. S.) as follows:

~ S . _Allowable  L o a d  o r  S t r e s s. , — — . .
FOS x (Lim~ t Load or Stress)

- 1 , 0

It should be emphasized that the factors of
safety listed in Tables I through IV were developd
in the context of structural and mechanical systems
designs which are amenable to engineering analyses
by current state-of-the-art methods and conforming
to standard aerospace industry practices. More
specifically, the designs must utilize materials
whose mechanical properti= are well characterized
for the intended service environments, and to use
configurations which are statically and dynamically
stable under all design conditions. For reusable
and multi-mission hardware, these factors of safety
are applicable throughout the design service life
and all of the missions, therefore design consider-
ations must include material property degradation
under the service environments, inspectabilit  y for
detection of darnage from unexpeded  causes, and
instrumentation to ensure that design limits are not
excxxxkd.

Application of the minimum factors of safety
also aasumes that the structures are made of well-
characterized materials and the “A “-basis material
allowable (including effects of environmental
conditions), as designated in the latest version of
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M lL-}IDBK-5  ] 0), or equivalent is used in calculat-
ing the margin of safety. It is further assumed that
the service environments and design limit loads are
well-defined and that acceptable manufacturing and
procew controls are used in the hardware fabrica-
tion and handling. Acceptance of the minimum test
factors is also based on the use of test hardware
typical of the flight configuration.

Factors of safety on yield are not spuified
for non-metallic structures, glass components, and
fasteners. These structures and components should
be dwigmxi to preclude any detrimental permanent
deformation or functional degradation of the flight
system under the design limit loads and, for pro-
grams employing the protoflight  verification ap-
proach, the qualification test loads.

Currently, JPL is developing a NASA stan-
dard based on the above-discussed guidelines
established by the Working Group. Upon con~-
pletion of this NASA standard, current plans are to
hold a government and industry workshop or
conference to familiarize the engineering commu-
nit y with the underl ying rat ionale and recommendwl
practices in applying the standard.

Selection of Structural Verification Approach

The tight budget and schedule constmints
which are imposed by commercial and government
sponsors of flight spacecmft projects rquire selec-
t ion of the most cost-effective st ructural  veri ficat ion
methods, in some cases with requisite acceptance of
some increase in risk. A rigorous approach to
structuml  verification in such cases requires a clear
definition by the sponsor and project management
of the acceptable level of risk of failure during a
verification test (causing increased cost and sched-
ule delays) and during the actual mission (resulting
in performance loss). The total mission cost of
increaed stmctural  mass to permit higher design
factors of safety in lieu of structural tests must be
known in order to judge the cost-effedivene-ss of
this trade.

Among the structuml verification methods
which can be considered are various types and
combinations of analyses and te&s. Dynamic
design loads can be conservatively approximated
for simple systems based on historical precedent
(such as the mass acceleration cume  approach
developed in the 1980satJPL11)) and later verified
in a system level vibration test. Sttuctuml  strength
may be verified by static application of various
bounding load combinations, at the component,
sub-msernbl y or system level, or by dynamic tests

such as vibration or acoustics tests at various levels
of msembl y.

The degree of test verification to be used in
combination with detailed structural analysis should
depend !argely  on the complexity and experience
base u’ith  the structural design. Structural configu-
rations for which previous experience has shown
ttxst results to correlate well with analysis can with
high confidence be verified by tests limited to a few
of the most critical comyments  and load condi-
tions. Conversely, where past experience has
shown certain types of structure to be difficult to
analyzfi reliably, emphasis should be on early more
comprehensive testing with reduced analysis detail
and effort,

A significant development cost and schedule
saving can in some cases be realized by de.++igning
to high structural factors of safety in order to
reduce or eliminate verification tests. As stated
earlier, the cost effectiveness of this approach
requires some knowledge (or assumptions) concer-
ning the effects of increased mass on mission cost.
Once it has been determined to be a cost-effective-
trade, it may be permissible to verify structural
integrity by analysis alone, provided that an accept-
able enginwring  rationale is developed. It should
be emphasized that increasing the design FOS
alone, with the support of logical engineering
rationale, does not by itself  justify a “no-test”
approach,

The protoflight  verification test approach, in
which the actual flight structure is tested, can be
very cust and schedule effective if properly de-
signed and implemented. The flight structure must
be made available at appropriate times during the
spacecraft fabrication and assembly in a configura-
tion such that it can be instrumental, loading
devices attached at critical locations, and instalkd
in a test fixture or chamber. Secondary structures
or adaptera which cannot be made available for this
must be tested separate] y. A major constraint on
protoflight tests, whether they be static load or
dynamic tests, is that care must be taken to ensure
that no unnecessary detrimental yielding will occur
which could impair flight performance. This will
normally require an increaaal  dwign  factor on
material yield strength plus careful post-test inspec-
tion to verify critical alignments.

~Iacture Control Requirements and Irnrdementat ioq

The concept of fracture control was origi-
nated from the long-recognized fact that regardkxs
of the care taken in material production and compo-
nent fabrication, small cracks or crock-like flaws
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may be present in load-carrying structures. Under
cyclic loadings of magnitudes over certain levels,
these cracks or flaws will grow and, if propagated
to critical sia, the growth may time unstable
and cause the structure to fail in a catastrophic
manner. Over the ywrs,  fracture control n~ethod-
ologiw  were developed to reduce the possibility of
catastrophic failure due to propagation of pre-
existing cracks in structures. These ranged from
improved material processing and manufacturing
procedur~s for parts of higher fracture rtxsistance  to
spwial  loading spectrurm devised to effect retarda-
tion of crack growth.

Prior to the 1970s, the application of fracture
control requirements was limited mainly to pressur-
izxxl structures such as aircraft fuselages and
pressure VOWAS,  including those used in space
flight systems, This was because a pressure vessel
usually contains a large amount of energy and its
fracture will most likely cause catastrophic event
and impact safety of personnel and facilities, The
applications of fracture control were greatly ex-
panded in the early 1980s when the Space Shuttle
was put into operation. Fracture mechanics was
one of the structural design cxmsiderations  of the
Shuttle and NASA also imposed fracture control on
all payloads to be flown and retrieved by the
Shuttle. In 1985, the NASA Fracture Control
Methodology Development Panel consisting of
representatives from all NASA field centers, the
Air Force, and the European Space Agency (ESA)
was established, The primary function of this
panel is to provide a forum to discuss and resolve
i.ssuw  related to the implementation fracture cOn-
trol. Among the many accomplishments of this
Panel, two are especially significant: (1) the estab-
lishment of a set of uniform Shuttle payload frac-
ture control requirements, specified in NHB 8071 .-
112), that have txxm acceptd by all NASA centers.
Similar fracture control requirements were adopted
by BSA13); and (2) the development of NASA/-
FLAGRO, a crack-growth analysis computer
program 14). This progmm,  currently being main-
tained by NASA Johnson Space Center, contains a
comprehensive library of crack models, an exten-
sive databme  of fracture properti~ of space struc-
tural materials, test-verified Space Shuttle launch
and landing load spectrums, and initial crack sizes
screened by standard nondestructive examination
(NDE) methods. Over the past few years, NASA/-
FLAGRO has become the industry standard for
safe-life assesment of fincture+riticxd parts.

After more than a decade of practicing
fracture control on Shuttle payloads, many practi-
tioners at NASA and in the industry have realiz~
that fracture control should and can be made more

cost-effective. Several efforts have been taken by
NASA Fracture Control Methodology Panel to
achieve this aim. These include:

Johnson Space Center (JSC) is leading an agen-
cy-wide effort to update NHB 8071.1. ‘f’he main
objective is to simplify the identification and
accqhrwe requirements of fracture-critical parts.

JPL is summarizing lessons learned and develop-
ing guidelines for cost-effective implementation of
fracture control, A NASA fracture control guide-
lines document is scheduled to be published in
1995,

JPL is conducting a comparative assessment of
existing methods used to analyze containment.
Included in this survey is the containment design
method developwt  by ESA in 199115). Results of
this JPL effort will be incorporated in the above-
mentioned guidelines document.

NASA’s Marshall Space Flight Center (MSFC)
is studying the fcwsibility of applying a “cut-off” at
65-70 % of to the average KIC value used for safe--

life analysis. If incorporated, this will make NASA
and ESA requirements for fracture properties
consistent with each other.

. JPL is developing a methodology to =tablish the
acc.eptabil  it y of parts with NDE-detected  cracks or
crack-like flaws.

JPL is proposing that a list of non-structural
parts that are obviously non-fracture-critical and
can be exempt from fracture control. Currently,
the proposed list of “exempt” parts consists of
thermal blankets, rubber seals, and harness.

JSC is developing a set of acceptance criteria for
“low-risk” parts 16). A part that is fracture-critical
is low-risk if it can be shown that the part has a
very low probability of fracture failure. Low-risk
part$, once identified, are re-classified  as non-
fracture-critical.

The revised fracture control classification
logic, with the additional of the “exemptwi”  and the
“low-risk” parts categories, is shown in Figure 1.
It is hoped that the above-mentiom-xt revisions of
NHB 8071.1 requirements can reduce the number
of fracture-critical parts in Shuttle payload systems.
Since the NDE inspections, safe-life analysis/test-
ing, trainability, and documentation of fracture-
critical parts are the major efforta of a typical
payload fracture control program, reducing the
numtwr of parts that are labeled fracture-critical
should yield significant cost savings,

7
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Figure 1. Revised Fracture Control
Classification Logic

In addition to activities related to Shuttle
payload fracture control, an agency-wide effort led
by- MSFC is also being under&en-to establish a set
of top-level requirements. These requirements will
& wed to govern fracture control efforts of all on-
going and future manned missions (including Space
Station) and to extend fracture control as an option-
al quality control tool” for unmanned missions.

Design. and Verification of Pressure Vessels

Because it is critical to mission and per-
sonnel safety, the design and verification of any
pressure vessel used in a space flight system
requires special attention. The Air Force devel-
oped and published a set of requirements for the
design and verification of prwsurized  space and
missile systems in the 1970s. Thwe  requirements,
revised in 1984 and specified in the Air Force
document MIL-STD-1522A17J, have been widely
used by the industry. There are several drawbacks
of MI L-STD-I 522A when applied to NASA space
flight programs, The major one is that NASA
pressure vmsels,  unlike those used by the USAF,
are not mass produced and in most case only one
or two units of the same design are needed and
fabricated. These one-of-a-kind vewels  can not
afford the luxury of performing destructive verifi-
cation tests such as pressure-cycle and burst tests
required by MI L-STD- 1522A. Currently, NASA
pressure vessels are designed and verified to a set

of modified MI L-STD-I 522A requirements, as
specified in NFIB 8071.1 and NHIl 1700.7 B18).
The important modifications include:

. NASA allows a proof test at a minimum of 1.5
times the maximum design pressure (MDP) and
fatigue analysis showing a minimum of ten design
lifetimes to qualify one-of-a-kind v~sels. MIL-
STII- 1522A requires a pressure cycle test and a
burst test for the qualification of all pressure vessel
dwigns.

NASA requires, for analytical demonstration of
vw.sels  of a leak-before-burst dwign,  crack growth
analyses and disallow the use of the “ductile scre-
ening criteria” specified in an Appendix of MIL-
STIJ-1522A.

NASA requires an additional NDE inspection of
the welds in metallic pressure vessels after proof
testing.

Recognizing that the MIL-STD-1522A
document was released more than ten years ago and
is now unable to meet the changing needs of its
users (such as NASA), the Air Force initiated in
1992 an effort to update this document. In addition
to addressing issues that were surfaced in the past
decade, this effort also intends to reflcxt recent
progress in pressure vessel technology, such as the
wse of aluminum-lithium and metal matrix materi-
als. Requirements for range safety and the design
and verification of ground suppoct  equipment
(GSE) pressure vessels will be new additions to the
updated MIL-1522A document,

One of the outstanding issues concerns the
composite overwrapped pressure ve6sels (COPVS).
The u-se of COPVS as pressurant  tanks in space
flight systems has become increasingly common,
but their applications have often been impaired by
the lack of safety requirements that can be met by
existing technology. The lack of rational require-
ments is particularly apparent for the demonstration
of damage tolerance of the overwrap. To resolve
this, a study program is being performd  by the Air
Force, with NASA participation, to develop cm-
hanced  tedmology  for COPVS, The objectiva of
this COPV technology program are stated in its
workp]an19):  (1) to identifi and evaluate, by W
analytical and experimental methods, the cnticd
design and manufacturing parameters; and (2) to
formulate safety and quality assurance require-
ments, including those for the demonstration of
damage tolerance, for the incorporation into the
revised Ml L-STD-l 522A. Currently, the COPVS
of interwt  are primarily graphiteqoxy  composite
pressure vessels with metal liners, up to 40 inchtx
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in diameter and with a maximum expe&xl operat -
ing pressure (M IiOP) of greater than 4,000 psi.

Crmcludin~  Renlarks

In response to the changing funding and
mission environment NASA has initiated intensive
requirement and technology chwelopment activities
in the areas of structural verification and fracture
control. The common goal of these activities is to
improve the cost-effectiveness of structural verifica-
tion and fracture control for future NASA missions.
This will be accomplished by clarifying and sinlpli-
fying the existing requirements, developing CI)-

hance.d technologies that address outstanding conl-
pliant.e issues, and resolving differences in accep-
tance criteria and irnplementatirm  approach. It is
also hoped that some level of uniformity in struc-
tural verification and fracture control requirements
can eventually bc achieved - not only among a]]
NASA centers, but also among NASA and its
international partners such as FISA  and NASIJA.

NASA currently participates in the on-
going Air Force endeavor to update the design and
verification requirements for pressure. vessels,
including the development of enhanced C.OPV
technologies. Contributions have also been made
by NASA in the area of improving the effectiveness
of structural testing.

Results of the recent and on-going efforts
discussed in this paper will significantly impact
structural design and verification of all future
NASA space missions. It is important to follow
their progress.
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Tab10 I M i n i m u m  F a c t o r s  fOr Metal l ic Structurom

Table II Minimum Fwtom for Noa-metallic  Strwturw

E
— +

Venficatioo (hOmetry  of ultimata Q u d i f i - “ m
Approach structure Da@ FGS Test Factor

Discontiouitiw 2.P 1.4 1 .0s
ROtOtyp

Unifomn Material 1.4 1.4 1.0s

Discaati.ouitia 2.0 1.25 1.0
Protoflight

Uniform Materd 1.4 1!2s 1.0

● Factor  applied  to C.oacultratd  ~

Table III Minimum Factom fw Prdadcd  Faotmea

[4Verlficatioa LntiIm& Qudifkatiim =
A- hip FGS Tea Facmr

1.4 1.4 1,0

Protoflight 1.4 1.23 1.0

Tabb IV M“ “uunwm Factora fix Gti ad Bnttb  Coqcmemts

[- z
Verilhtia - Lntilm& Qudifiaticm -f
Appracb C4mlitia Da@  F(IS T- Fw&w

N~ 2.0 1.4 1.2

2.0 1.4 1.2

N~ 3.0 1.2 1.2
Protofligbt

3.0 2.0 2.0 i
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